monocrystals of the systems V1-~Fe,02 (X = 0 ... 0.035) and V I -~A I~O~ (X E 0.007) produced by chemical transport with TeC14. The phase M 1, T, M 2 and R arise. The phase diagrams of V I -~M~?~~ (Me = Fe, Al, Ga, Cr) with the semiconductor-semiconductor transition T + M 2 and the semiconductor-metal transition M 2 -. R are compared. The electric and thermoelectric properties of the systems investigated in the semiconducting phase are determined by the very low mobility of the holes formed in the V-3 d electron system for charge neutrality after the substitution of Me3+. This mobility is anisotropic and leads particularly to the anisotropy of the thermoelectric power.
1 . Introduction. -Doped VO, is being comprehensively investigated (see e. g. [l] ) owing to its importance in clarifying the electronic and crystallographic properties of vanadium dioxide in connection with the semiconductor-metal transition. Doping with 3-valent ions has gained special interest because several semiconducting, crystallographic differing phases M 1, T and M 2 arise. The investigations include Cr3' [2, 31, Ga3+ [4] , and recently also Fe3+ and AI3+ [9, 10] . This contribution is concerned with our results of electric, thermoelectric, magnetic and structural studies carried out on the systems V,-,Fe,O, and V, -A1,02. The characteristic point about these studies was that monocrystalline samples were used.
2.
Preparation. then formed at reversed transport gradient (temperature T2 a t the resolutioil zone smaller than the temperature T, a t the crystallization zone). Transport was carried out at temperatures of T2 = 1 1000C to T, = 900 OC with a transport agent concentration of approximately 7 mg TeCl,/ml over a period of three to four days. In both transport systems only the V,-,Me,O, phase having an oxygen content a t the upper phase limit of the vanadium dioxide ( V 0 2~o o z r t o~o o 2 I l l , 121) was obtained on the growth zone, although a limited solubility of the dopant in 'VO, was observed at V,-,A1,O2, similar to V, -xGa,02. In the system V, -,Fe,O, crystals of up to about x = 0.035 were grown on the crystallization zone at Fe203 weighed-in contents of up to 10 m01 %.
The entire range of solubility of aluminium was not studied in the system V,-,Al,O,.
Only samples having a weighed-in concentration of 1.2 and 5 m01 % Al,03 were produced where crystals having a content of about X = 0.006 and x = 0.008, respectively, grew on the crystallization zone. The transport rates decreased from about 12 mg/h (for X F~ = 0.01) to about 4 mg/h (for X,, = 0.03) with the rising doping level, and this was accompanied with a reduction of the crystal size. The Fe and A1 contents were determined by activation analysis, while the content of oxygen (stoichioArticle published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1976410 metry) was determined thermographimetrically. The tellurium content of the crystals was analyzed and amounted to < l 000 ppm. 3. Experiments. - The transition temperatures between the phases T-M 2 and M 2-R were determined by establishing the holding point of a small, powdered sample with an embedded copper-constantan thermocouple while heating or cooling. To establish the transition temperature between the phases M 1 and T the splitting of the pseudo-(l 10)-rutile-reflection in the monoclinic and triclinic low-temperature phases was determined with powdered monocrystals by the X-ray diffractometer HZG 3 using Cu-K, radiation.
The resistivity was measured preferably in the direction of the pseudo-rutile-a-direction with the help of four tungsten probes sprung-mounted at a spacing of about 0.3 mm on the pseudo-(l 1 l)-rutile face.
In order to determine the thermoelectric power the monocrystals were clamped between copper blocks where a temperature difference of about 5 K was maintained.
The magnetic susceptibility was measured by the Faraday method in a LINSEIS apparature on a larger number of monocrystals (isotropic mean value). The measurements carried out on individual crystals revealed no significant 'anisotropy.
More detailed information on the experimental conditions was given in an earlier paper of ours [12] .
4.
Results. -Firsf of all we shall give some details on the phase diagrams, although the measurements of the electric and magnetic properties described further on were also used to determine the phase transitions. Guinier diagrams have confirmed that the monoclinic phases M 1 and M 2, the triclinic phase T, and the tetragonal phase R (rutile type) arise in both systems V1-,FeXO2 and V1-,A1,02. At first these different phases were studied and described on Crdoped VO, [13, 2] . cooling (L) are shown in figure 2b for the semiconductor-metal transition M 2 4 R. For small x values (up to X z 0.01) X, (f) rises to about 70 OC, and then drops down again to 68 OC. We were able to confirm this behaviour by measurements on a few sintered samples and on samples which are with certainty at the upper limit of the homogeneity range by a special oxidation treatment. Shortly before this paper Kosuge et al. [8] carried out measurements on powder samples and published the phase diagram of FexV, -,02 in the range 0 X 0.25 which conforms for small X with our results. We want to add that the T-phase appears on the sample with X = 0.0025 in the temperature range of 51 O C to 59 O C because the presence of this phase in a similar sample in [8] could not be definitely established. Doping produces a hysteresis of about 10 K for the M 2-R transition.
The complete phase diagram of V1-,Al,O, cannot be given on the basis of our measurements on monocrystals. Studies on a few sintered samples have indicated, however, that the phase diagram of V,-,Al,O, has great quantitative similarity with V1 -xGaxO2 PI.
The temperature dependence of the resistivity p during the first heating cycle is shown in figure 3 . Doping with Fe and A1 maintains a resistivity jump of about 4 orders of magnitude at the semiconductor- The thermoelectric power for Al-doped VO, (Fig. 4c ) is anisotropic in the same manner as for Fe-doped VO,, except that the values at the same X are not so markedly shifted to the positive. Discontinuities, usually to more positive values, were measured at the phase transition T 4 M 2, but jumps to more negative values were also measured on two samples with T, V0 .387Ai0.01 302 sample. Thermopower measurements of Ga-, Fe-and AI-doped VO, will be described and discussed in detail in a subsequent paper. The temperature dependence of the magnetic susceptibility is shown in figure '5. Two phase transitions can be clearly seen, T -+ M 2 at the lower temperature and M 2 -, R at the higher temperature. All samples shown in figure 5 remained in the T-phase down to nitrogen temperature, as was indicated by X-ray investigations. The pronounced paramagnetism in the semiconducting phase of V,-,Fe,02 is due to the contribution of the ~e~+ ions having a moment of 5.92 p,. The contribution, which must be attributed to the VO, lattice-electron system, is concealed in this system, while it arises unfalsified in the system V1 -xAlxO,.
5. Discussion. -In order to maintain the neutrality of the lattice the substitution of one Fe3+ or AI3+ ion must result in the formation of one V5+ ion and thus a hole in the V-3 d band. This hole can be either bound to the Me3 + (formation of a ~e~ + -V5 + pair), or mobile in the metal sublattice and then contribute to the conductivity. The predominant bonding in M~~+ -V~+ pairs, as they are present in the lattice, can be excluded because of the paramagnetism of Al-doped VO, (in the T phase), as was already discussed with Ga-doped VO, [4] . The conductivity values without strong changes in the semiconducting state compared with pure VO, mean that the mobility of the holes must be very small. The electric transport contribution of the holes, however, cannot be neglected, as is clearly proved by the occurrence of positive values of thermoelectric power. The anisotropy of S with more positive values in the c, direction means that the holes in the chains parallel to the c, direction have a greater mobility than perpendicularly to this axis.
In the system V,-,Fe,O, the resistivity at room temperature decreases above x z 0.01 and the thermoelectric power goes to more negative values. This must be considered as a rise of the conductivity contribution of the mobile electrons, where the rise is mainly due to an increase of the electron concentration and not of the mobility. This behaviour is unexpected. It points to changes in the band structure or to a portion of interstitional metal ions. The latter would correspond to a very small shift of the upper phase boundary to oxygen deficiency with Fe-doping, resulting in the production of additional electrons [12] . The decrease of Tt(M 2-R) above x z 0.01 is doublessly connected with this because the creation of electrons and holes in VO, indicates opposite behaviour regarding the semiconductor-metal transition temperature [141.
A remarkable point at Fe-doped VO, is that the semiconductor-metal transition temperature Tt(M 2-R) does not exceed 700C compared with other v~-, M~~~o , systems, and above x = 0.01 it even decreases again, while the semiconductor-semiconductor transition temperature Tt(T-M 2) declines uniformly in all systems (also Fe-doped VO,). In all systems the slope amounted to (see also [2, 4, 7, S] ). It follows that other factors are decisive for the stabilization of the phase M 2 over R through Me3+ -doping than for the destabilization of the T-phase over the M 2 phase with increasing X so that the behaviour of these phase boundaries is not rigidly linked to one another.
The magnetic properties of V,-,A1,02 are similar to those of Ga-doped VO, [4] . In the T phase the C susceptibility can be resolved into X = X, + -T (Fig. 6b) with xo w 0.75 X 1OP6 emug-l, as is mea- A comparison of our results gained from V,-xFexO, and V,-,AI,O, samples, and the results from Ga-[4] and Cr-[2, 31 doped VO, show that on these systems containing substituted 3-valent ions there is a farreaching similarity of the phase diagrams and of the electric, thermoelectric and magnetic properties. The characteristic point about these phases is the presence of holes in the V-3d electron system which determines to a major extent especially the electrical transport properties. In the presence of excessive electrons in VO, (e. g. due to doping with Mo6+ or due to nonstoichiometry) other behaviour arises [15, 141. We are convinced that the holes in the VO, electron system also determine decisively the crystallographic modifications. The relations, however, are still unclear.
The phase boundaries in all systems with 3-valent doping elements, which produce the same hole concentration per X, goes quantitatively nearly conform. The question whether the hole concentration really determines the position of the phase boundaries should be studied by doping of VO, with the 2-valent Zn2'. Efforts to produce monocrystalline (by chemical transport) and polycrystalline V, -,Zn,O, samples have shown unfortunately that no ZnO can be dissolved in VO, and, therfore, no influence on the properties could be measured.
Parameters of the magnetic susceptibility of V , -,Fe,O, 
